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Slow dynamics in an amorphous quasi-two-dimensional complex plasma, comprised of micropar-
ticles of two different sizes, was studied experimentally. The motion of individual particles was
observed using video microscopy, and the self part of the intermediate scattering function as well
as the mean-squared particle displacement was calculated. The long-time structural relaxation re-
veals the characteristic behavior near the glass transition. Our results suggest that binary complex
plasmas can be an excellent model system to study slow dynamics in classical supercooled fluids.
When a fluid is quenched by cooling or compression, it
may either crystallize or remain in an amorphous state,
depending on the complexity of the fluid and the quench-
ing depth. Such fluids are said to be “supercooled” when
they are still able to equilibrate in the experimental time
window, exhibiting a slow structural relaxation caused by
rare rearrangement of atoms or molecules [1, 2]. Other-
wise, they become dynamically arrested and undergo the
glass transition. Understanding the mechanisms govern-
ing the slow dynamics and the approach to the glass tran-
sition is a fundamental problem of classical condensed
matter physics [3–6].
The relaxation timescale in molecular glasses is ∼ 14
orders of magnitude longer than that in high-temperature
liquids [1], which makes the glass transition inaccessi-
ble for up-to-date numerical simulations. For this rea-
son, model soft-matter systems play a crucial role in
the study of slow dynamics [7, 8]. Among these, col-
loidal suspensions [9–11] and granular matter [12, 13]
have drawn particular attention. As equilibrium strongly
damped systems, colloidal suspensions exhibit Brownian
dynamics [14], while essentially non-equilibrium granu-
lar matter obeys Newtonian microscopic dynamics [15],
with the dissipation introduced in mutual particle colli-
sions [16–18]. The dynamics can be captured and ana-
lyzed either by dynamical light scattering methods [19]
or by directly tracking individual particle positions with
video microscopy technique [20]. Due to their reasonable
experimental timescales and straightforward diagnostic
methods, both systems provide excellent conditions for
particle-resolved studies of slow dynamics.
Complex plasmas, composed of a weakly ionized gas
and charged microparticles, represent the plasma state of
soft matter [8]. Similar to colloidal dispersions, dynamics
of individual microparticles in two-dimensional (2D) or
quasi-2D complex plasmas can be easily visualized and
measured. At the same time, complex plasmas have sev-
eral remarkable features distinguishing them from other
soft-matter systems [21, 22]. First, since the background
gas is dilute, the short-time particle dynamics in strongly
coupled complex plasmas is virtually undamped, which
provides a direct analogy to regular liquids and solids
in terms of the atomistic dynamics. Second, most no-
table, the interparticle interactions generally violate the
action-reaction symmetry [23]: When monodisperse par-
ticles form a monolayer, their non-reciprocal interactions
may trigger the so-called mode-coupling instability [24–
27], accompanied by an exponential growth of the par-
ticle kinetic temperature. This instability, being a non-
equilibrium second-order phase transition [28], has a well-
defined threshold. Therefore, in the stable regime the ef-
fective interparticle interactions are exactly Hamiltonian,
i.e., the system is in equilibrium. Furthermore, in stable
binary (quasi-2D) complex plasmas the non-reciprocal in-
teractions lead to a dynamical equilibrium [29], where dif-
ferent particle species have distinct kinetic temperatures.
For a special class of interactions with a constant non-
reciprocity, the dynamical equilibrium is detailed. This
latter remarkable property of quasi-2D complex plasmas
allows us to employ standard methods of equilibrium sta-
tistical mechanics for their description.
In this Letter, we report on the first dedicated study of
slow dynamics in quasi-2D complex plasmas. A binary
mixture of microparticles was used to suppress crystal-
lization and form an amorphous state. The micropar-
ticles were large enough to be visualized individually,
so their dynamics was observed with great accuracy us-
ing simple video microscopy techniques. To describe
the collective dynamics and the structural relaxation, we
measured the mean-squared particle displacement (MSD)
and the self part of the intermediate scattering func-
tion (ISF). The evolution of MSD exhibits a crossover
from the short-time ballistic dynamics to a transient sub-
diffusive behavior determined by collective interactions.
The long-time decay of ISF reveals characteristic fea-
tures of supercooled fluids approaching the glassy state.
The presented results demonstrate complementary ad-
vantages of quasi-2D complex plasmas and point out their
remarkable dynamical properties with respect to other
soft-matter systems, allowing to explore novel facets of
slow dynamics. We discuss experimental challenges and
suggest that complex plasmas can become an excellent
model system to study physics of glasses.
Experiment. The experiment was performed in a
2modified Gaseous Electronics Conference (GEC) rf ref-
erence cell [26, 30–32]. The plasma was produced
with a capacitively coupled rf discharge in argon at a
pressure of 0.66 Pa. To suppress crystallization, we
used a mixture [33–35] of Melamine Formaldehyde (MF)
and Polystyrene (PS) microparticles with diameters of
9.19 µm and 11.36 µm, respectively, suspended at almost
the same height in the plasma sheath of the lower rf elec-
trode. The discharge power played a role of a control pa-
rameter, to quench the binary complex plasma. Unlike
a 2D suspension of monodisperse particles [Fig. 1 (a)],
the quasi-2D binary system was amorphous [Fig. 1 (b)].
The particle suspension slowly rotated, which may have
been induced by residual magnetic fields [36, 37], gas
flow, or inhomogeneity of the laser illumination. To mit-
igate this problem, we placed two aluminium bars on
the rf electrode, parallel to each other and separated by
9 cm. As a result, the rotation was drastically reduced
to ∼ 0.001 rad/s; see S.1 of the Supplemental Material
[38] for more details on the experimental procedure.
Results and analysis. The crystalline and amorphous
complex plasmas shown in Fig. 1 had practically the same
areal densities, with the mean horizontal interparticle
distance of ∆ ≃ 0.55 mm measured from the first peak of
the respective pair correlation function, (see Fig. 2 in the
Supplemental Material [38]). The density inhomogene-
ity was within 1%. The qualitative difference between
the crystalline and amorphous states is conveniently il-
lustrated with the static structural analysis. By apply-
ing a 2D Fast Fourier Transformation (FFT) on top-view
snapshots, panels (a) and (b), we obtained the respective
diffraction patterns, plotted in panels (g) and (h) in log
scale and representing the static structure factor of the
studied systems. One can see that the diffraction pattern
of the binary mixture exhibits isotropic concentric rings,
typical for amorphous materials.
The side view in Fig. 1 shows that MF particles in the
crystal were levitated at (practically) the same height
[panels (c) and (e)], while MF particles in a binary mix-
ture were suspended slightly higher than the PS particles
[panels (d) and (f)]. The height difference of 0.14 mm,
determined from a Gaussian fit of the height histograms,
is about a quarter of ∆. The interparticle interactions
in this case become essentially non-reciprocal due to the
presence of plasma wakes [21–23, 39, 40], and a binary
mixture tends to a dynamical equilibrium, where the up-
per particles have a higher temperature of the horizontal
motion than the lower particles [29]. In our experiment,
the kinetic temperature was determined separately for
the upper and lower particles, from a Maxwellian fit of
the corresponding velocity distributions. In agreement
with the theoretical predictions [29], the resulting tem-
perature of the upper particles, TMF ≃ 1100 K, was sub-
stantially higher than the temperature of the lower par-
ticles, TPS ≃ 930 K. The particle charges, QMF ≃ 13000e
and QPS ≃ 16000e (with an uncertainty of 30%), were
0
2
4
6
8
10
0 2 4 6 8
 
x (mm)
0
2
0 2 4 6 8
 
x (mm)
MF
1.6 1.7 1.8
z (mm)
0
20
40 0.14 (mm)
PS MF
1.6 1.7 1.8
z (mm)
−60 −40 −20 0 20 40
kx (mm− 1)
−60
−40
−20
0
20
40
60
−60 −40 −20 0 20 40
kx (mm− 1)
(a) (b)
(c) (d)
(e) (f)
(g) (h)
y 
(m
m)
z 
(m
m)
co
u
n
t (%
)
k y
 
(m
m−
1 )
FIG. 1. Comparison of a 2D plasma crystal (left panels) with
a quasi-2D amorphous state (right panels), obtained for equiv-
alent plasma conditions. The top view demonstrates that
monodisperse (MF) particles form a monocrystal with a tri-
angular lattice (a), while a binary mixture (MF and PS par-
ticles with the mixing ratio about 1 : 1) shows neither trans-
lational nor orientational long-range order (b). The side view
and the corresponding height histogram for the crystal (c,e)
and the binary mixture (d,f) reveal differences in the levi-
tation heights (z-coordinates) of individual particles in the
two cases. Fourier-transformed image, representative of the
static structure factor, exhibits a hexagonal pattern for the
crystal (g), while the amorphous state shows no orientational
preference (h).
deduced from the phonon spectra of the corresponding
crystalline suspensions under equivalent discharge condi-
tions. Simultaneously, these measurements yielded the
effective plasma screening length, equal to λ ≃ 0.4 mm
for the presented example.
The thermodynamic state of a charged system is
characterized by the coupling and screening parameters
[8, 41]. For a binary mixture, the relevant coupling
parameter is defined as Γ = QMFQPS
√
n/kBT , where
T = (TMF + TPS)/2, and the screening parameter is
κ = 1/(λ
√
n). Based on the measured values, we ob-
3tained Γ ≃ 6000 (with an uncertainty of 45%), and
κ ≃ 1.5 (with an uncertainty of 30%).
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FIG. 2. Structural relaxation in a quasi-2D amorphous com-
plex plasma. The results are for the experiment shown in the
right panels of Fig. 1. (a) The self part of the ISF, Fs(k, t),
plotted for wavenumbers k∆ = pi, 2pi, 3pi, and 4pi. The verti-
cal grey stripe marks a gradual crossover to a “forced” relax-
ation induced by a slow rotation. The inset shows the glass
transition lines derived from MCT [42] for the Yukawa po-
tential (dashed line) and Kompaneets potential (dotted and
dash-dotted lines, representing two typical realizations). Fit-
ting the long-time asymptote of ISF (for a given k) with the
stretched-exponential law [solid lines in (a)] yields the fitting
parameters: (b) the amplitude factor A and the stretching
exponent β, and (c) the timescale τ of α-relaxation (the solid
line demonstrates a 1/k2 fit); see S.2 of the Supplemental
Material [38] for details.
The structural relaxation is generally quantified by the
density-density correlation function in k-space, F (k, t),
which is the Fourier-transformation of the van Hove cor-
relation function [43], commonly referred to as the in-
termediate scattering function (ISF). For practical pur-
poses, it is convenient to use the self-part of ISF [4, 44,
45], Fs(k, t) = N
−1〈∑Ni exp{−ik · [ri(t+ t0)− ri(t0)]}〉,
describing the evolution of single-particle correlations.
Here, ri(t) is the position of the particle i at the mo-
ment t, and 〈. . .〉 denotes the canonical average (over t0).
The structural relaxation in unstressed amorphous ma-
terials does not depend on the orientation of the wave
vector k, so here we also averaged over the orientation;
the role of stresses is discussed below (see also Fig. 3 in
the Supplemental Material [38]).
For the analysis, we selected a region of interest (ROI)
such that the “rattlers” (a few visibly oscillating irregular
particles, see S.1 of the Supplemental Material [38]) and
their nearest neighborhood were removed. Then ISF was
averaged over all particles in the ROI, randomly selected
initial time t0 (we verified that the results for different t0
were statistically the same, i.e., the system had reached
the steady state), and the orientation of k. The calcu-
lated Fs(k, t) are shown in Fig. 2.
The stretched-exponential (Kohlrausch) law [3, 4, 43,
46–48], Fs(k, t) ≃ A(k) exp{−[t/τ(k)]β(k)}, usually pro-
vides a good fit for the long-time asymptote of ISF, the
so-called α-relaxation. The law is determined by three
parameters: the amplitude factor A(k), the timescale
of the α-relaxation τ(k), and the stretching exponent
β(k) < 1. Selecting a time domain appropriate for the
fit is generally not an easy task [4, 46, 49, 50] – an over-
lap with the transient β-relaxation should be avoided,
which imposes the lower time limit for the fit. In our
experiment, we have an additional constraint, associated
with a slow rotation of the particle suspension: Although
we were able to reduce the angular velocity down to
Ω ∼ 10−3 rad/s, the rotation still has a profound ef-
fect at sufficiently long times, where the accumulated
strain 2Ωt exceeds a certain critical value. According
to Zausch et al. [51], the onset of plastic deformations in
glassy systems (upon a simple stress) is expected when
a strain exceeds a critical value of ∼ 10−1. Using this as
a guide, we estimate the upper time limit as t ∼ 102 s.
Figure 2 (a) shows that the measured ISF indeed starts
falling off rapidly in the time range between 50–100 s,
indicating a crossover from the generic α-relaxation to
the rotation-induced decay. The outcome of the fit is
shown in Fig. 2 (a) by the solid lines. For all k, the mea-
sured ISF’s are systematically larger than the Kohlrausch
fit at short times, because of the interference with the
β-relaxation regime, and smaller where the crossover to
the rotation-induced decay occurs (marked by the gray
stripe).
The Kohlrausch amplitude A(k) and the stretching ex-
ponents β(k) are plotted in Fig. 2 (b). In agreement
with the mode coupling theory (MCT) of the fluid-glass
transition [4, 46, 52], both A(k) and β(k) tend to unity
for k → 0 and decrease monotonically at large k. The
timescale of the α-relaxation, also obtained from the
Kohlrausch fit and shown in Fig. 2 (c), closely follows
a τ(k) ∝ 1/k2 dependence. Such scaling is predicted by
MCT at small k, while for k → ∞ it should change to
τ(k) ∝ 1/k1/b, where b is the asymptotic value of β(k)
(the von Schweidler exponent) [3, 4, 45, 53]. As the value
of b is expected to be close to ≃ 0.5, the measured behav-
ior of τ(k) is in good agreement with the theory [46, 54].
Recently, Yazdi et al. [42] employed MCT to calcu-
late the idealized glass transition lines for 2D complex
plasmas, using the Yukawa and Kompaneets potentials
for the interparticle interactions [40]. These results, de-
rived for a monodisperse system, are depicted in the in-
set of Fig. 3 (a) where the transition lines are plotted in
4the (Γ, κ) plane; note that for the Kompaneets potential,
which provides more realistic description of the interac-
tions in 2D complex plasmas, stronger coupling is needed
to reach the glassy state. The values of Γ and κ deduced
for our experiment fall substantially above the transition
lines, which indicates that thermodynamically the sys-
tem formed a glass. One should keep in mind that the
actual glassy line (for a binary mixture of particles sus-
pended at slightly different heights) may deviate from the
idealized lines shown in Fig. 3 (a). Furthermore, as the
system was stressed [55] due to additional confinement
imposed to slow down the rotation, it is very likely that
the resulting shear stress exceeded the dynamical yield
stress of the glass [56, 57]. As a result, the ergodicity
was restored, bringing the system back to a supercooled
fluid state.
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FIG. 3. MSD of particles in a quasi-2D amorphous complex
plasma. For the discussed experiments, displacements of in-
dividual particles at t >
∼
0.1 s were measured using a standard
video microscopy technique (micro lens, circles). To resolve
MSD at t <
∼
1 s, a long-distance microscope (LDM, crosses)
was applied in a separate experiment with equivalent condi-
tions. The dashed lines indicate the slopes ∝ t2 and ∝ t. As
in Fig. 2 (a), the vertical grey stripe marks a crossover to the
rotation-induced decay.
It is instructive to complement the analysis by calcu-
lating MSD of particles, N−1〈∑Ni |ri(t + t0) − ri(t0)|2〉,
which is directly related to ISF in the limit k → 0 [4].
Figure 3 shows that MSD exhibits a ballistic behavior
∝ t2 for t <∼ 0.1 s, i.e., the short-time in-cage motion
obeys Newtonian dynamics. In fact, interaction of parti-
cles with gas becomes important for νt >∼ 1, where ν is
the damping rate due to gas friction [8] (νMF ≃ 0.8 s−1
and νPS ≃ 0.9 s−1 for our conditions). Thus, up to t ∼ 1 s
the measured MSD reflects the generic behavior occur-
ring in molecular supercooled liquids. The behavior be-
comes substantially sub-diffusive by that time, indicating
the onset of transient β-relaxation, with a gradual tran-
sition to the α-relaxation regime observed in Fig. 2 (a)
at t >∼ 10 s.
Conclusion and outlook. We have demonstrated that
quasi-2D binary complex plasmas can serve as an exper-
imental model system for investigating slow dynamics in
supercooled fluids. The characteristic fingerprints of slow
dynamics, seen in the behavior of the intermediate scat-
tering function and the mean-squared displacement, un-
ambiguously show that complex plasmas have a promis-
ing potential for the particle-resolved studies of glasses.
This Letter reports on the first systematic attempt to
investigate glassy dynamics with complex plasmas. Our
studies have identified critical issues that need to be re-
solved to improve the quality of future experiments. The
most important is to suppress the global rotation of the
suspension: this process terminates the long-time relax-
ation of ISF as well as a transition to the long-time diffu-
sion, and therefore a substantial (by an order of magni-
tude) reduction in the rotation speed would dramatically
improve the quality of the fit. Second, less critical but
still important issue are rare “rattler” events, sporadi-
cally occurring in the field of view and destroying weak
correlations in the α-relaxation regime. Here, a careful
choice of particles used in experiments may be a solution.
The presented results may be exceptionally important
for particle-resolved studies of slow dynamics in future,
as complex plasmas are dynamically complementary to
other soft-matter systems used for such investigations.
We showed that the in-cage motion of individual par-
ticles remains virtually undamped (Newtonian), which
enables modeling of molecular glasses at timescales up to
the transient regime of the β-relaxation. A crossover to
the fully damped Brownian dynamics at longer timescales
allows matching with glassy behavior observed in col-
loidal dispersions [8]. Furthermore, binary quasi-2D com-
plex plasmas open up a unique opportunity to study flu-
ids with distinct temperatures for different species [29],
where the temperature mismatch is controlled by the ver-
tical levitation gap. Slow dynamics and glass transitions
in such systems may reveal new facets inaccessible to
“regular” simple liquids. The last but not least, recent
numerical simulations [6] suggest that glassy dynamics
in 2D can be qualitatively different compared to the 3D
dynamics. The difference is particularly strong for larger
systems and weak damping, which makes quasi-2D com-
plex plasmas ideally suited for the experimental verifica-
tion of the predicted behavior.
The authors acknowledge support from the National
Natural Science Foundation of China (NNSFC), Grant
No. 11405030 and the European Research Council under
the European Union’s Seventh Framework Programme,
ERC Grant Agreement No. 267499. G. Morfill wishes to
acknowledge support from the Russian Science Founda-
tion under grant 14-43-00053. We thank Ju¨rgen Horbach
for valuable discussions.
5∗ chengran.du@dhu.edu.cn
† ivlev@mpe.mpg.de
[1] P. G. Debenedetti and F. H. Stillinger, Nature 410, 259
(2001).
[2] L. Berthier and G. Biroli, Rev. Mod. Phys. 83, 587
(2011).
[3] T. Franosch, M. Fuchs, W. Go¨tze, M. R. Mayr, and A. P.
Singh, Phys. Rev. E 55, 7153 (1997).
[4] T. Voigtmann, A. M. Puertas, and M. Fuchs, Phys. Rev.
E 70, 061506 (2004).
[5] A. Cavagna, Phys. Rep. 476, 51 (2009).
[6] E. Flenner and G. Szamel, Nat Commun 6, 7392 (2015).
[7] L. Cipelletti and L. Ramos, Journal of Physics: Con-
densed Matter 17, R253 (2005).
[8] A. Ivlev, H. Lo¨wen, G. Morfill, and C. P. Royall,
Complex Plasmas and Colloidal Dispersions: Particle-
Resolved Studies of Classical Liquids and Solids (World
Scientific, Singapore, 2012).
[9] W. van Megen and S. M. Underwood, Nature 362, 8616
(1993).
[10] E. R. Weeks, J. C. Crocker, A. C. Levitt, A. Schofield,
and D. A. Weitz, Science 287, 627 (2000).
[11] J. Mattsson, H. M. Wyss, A. Fernandez-Nieves,
K. Miyazaki, Z. Hu, D. R. Reichman, and D. A. Weitz,
Nature 462, 83 (2009).
[12] P. Richard, M. Nicodemi, R. Delannay, P. Ribiere, and
D. Bideau, Nature Material 4, 121 (2005).
[13] C. Xia, J. Li, Y. Cao, B. Kou, X. Xiao, K. Fezzaa,
T. Xiao, and Y. Wang, Nature Communications 6, 8409
(2015).
[14] G. Foffi, W. Go¨tze, F. Sciortino, P. Tartaglia, and
T. Voigtmann, Phys. Rev. Lett. 91, 085701 (2003).
[15] M. Sperl, E. Zaccarelli, F. Sciortino, P. Kumar, and
H. E. Stanley, Phys. Rev. Lett. 104, 145701 (2010).
[16] W. T. Kranz, M. Sperl, and A. Zippelius, Phys. Rev.
Lett. 104, 225701 (2010).
[17] M. Sperl, W. T. Kranz, and A. Zippelius, EPL (Euro-
physics Letters) 98, 28001 (2012).
[18] L. Berthier and J. Kurchan, Nat Phys 9, 310 (2013).
[19] V. A. Martinez, G. Bryant, and W. van Megen, Phys.
Rev. Lett. 101, 135702 (2008).
[20] D. Orsi, E. Guza`n, L. Liggieri, F. Ravera, B. Ruta,
Y. Chushkin, T. Rimoldi, and L. Cristofolini, Scientific
Reports 5, 17930 (2015).
[21] V. Fortov, A. Ivlev, S. Khrapak, A. Khrapak, and
G. Morfill, Physics Reports 421, 1 (2005).
[22] G. E. Morfill and A. V. Ivlev, Rev. Mod. Phys. 81, 1353
(2009).
[23] V. A. Schweigert, I. V. Schweigert, A. Melzer,
A. Homann, and A. Piel, Phys. Rev. E 54, 4155 (1996).
[24] A. V. Ivlev and G. Morfill, Phys. Rev. E 63, 016409
(2000).
[25] S. K. Zhdanov, A. V. Ivlev, and G. E. Morfill, Physics
of Plasmas 16, 083706 (2009).
[26] L. Coue¨del, V. Nosenko, A. V. Ivlev, S. K. Zhdanov,
H. M. Thomas, and G. E. Morfill, Phys. Rev. Lett. 104,
195001 (2010).
[27] A. V. Ivlev, S. K. Zhdanov, M. Lampe, and G. E. Morfill,
Phys. Rev. Lett. 113, 135002 (2014).
[28] A. V. Ivlev, V. Nosenko, and T. B. Ro¨cker, Contributions
to Plasma Physics 55, 35 (2015).
[29] A. V. Ivlev, J. Bartnick, M. Heinen, C.-R. Du,
V. Nosenko, and H. Lo¨wen, Phys. Rev. X 5, 011035
(2015).
[30] Y. Feng, J. Goree, and B. Liu, Phys. Rev. Lett. 100,
205007 (2008).
[31] V. Nosenko, S. K. Zhdanov, A. V. Ivlev, C. A. Knapek,
and G. E. Morfill, Phys. Rev. Lett. 103, 015001 (2009).
[32] C.-R. Du, V. Nosenko, S. Zhdanov, H. M. Thomas,
and G. E. Morfill, EPL (Europhysics Letters) 99, 55001
(2012).
[33] B. Smith, T. Hyde, L. Matthews, J. Reay, M. Cook,
and J. Schmoke, Advances in Space Research 41, 1510
(2008).
[34] P. Hartmann, Z. Donko´, G. J. Kalman, S. Kyrkos, K. I.
Golden, and M. Rosenberg, Phys. Rev. Lett. 103, 245002
(2009).
[35] G. J. Kalman, P. Hartmann, Z. Donko´, K. I. Golden,
and S. Kyrkos, Phys. Rev. E 87, 043103 (2013).
[36] U. Konopka, D. Samsonov, A. V. Ivlev, J. Goree,
V. Steinberg, and G. E. Morfill, Phys. Rev. E 61, 1890
(2000).
[37] J. Carstensen, F. Greiner, L.-J. Hou, H. Maurer, and
A. Piel, Physics of Plasmas 16, 013702 (2009).
[38] See Supplemental Material for further details (URL).
[39] M. Lampe, G. Joyce, G. Ganguli, and V. Gavrishchaka,
Physics of Plasmas 7, 3851 (2000).
[40] R. Kompaneets, U. Konopka, A. V. Ivlev, V. Tsytovich,
and G. Morfill, Physics of Plasmas 14, 052108 (2007).
[41] P. Hartmann, G. J. Kalman, Z. Donko´, and K. Kutasi,
Phys. Rev. E 72, 026409 (2005).
[42] A. Yazdi, M. Heinen, A. Ivlev, H. Lo¨wen, and M. Sperl,
Phys. Rev. E 91, 052301 (2015).
[43] J. Hansen and I. McDonald, Theory of Simple Liquids
(Elsevier Science, 2006).
[44] M. Fuchs, W. Go¨tze, and M. R. Mayr, Phys. Rev. E 58,
3384 (1998).
[45] M. Bayer, J. M. Brader, F. Ebert, M. Fuchs, E. Lange,
G. Maret, R. Schilling, M. Sperl, and J. P. Wittmer,
Phys. Rev. E 76, 011508 (2007).
[46] M. Fuchs, I. Hofacker, and A. Latz, Phys. Rev. A 45,
898 (1992).
[47] M. Fuchs, Journal of Non-Crystalline Solids 172, 241
(1994).
[48] Y. Feng, J. Goree, and B. Liu, Phys. Rev. E 82, 036403
(2010).
[49] E. Bartsch, M. Antonietti, W. Schupp, and H. Sillescu,
The Journal of Chemical Physics 97, 3950 (1992).
[50] J. C. Phillips, Reports on Progress in Physics 59, 1133
(1996).
[51] J. Zausch, J. Horbach, M. Laurati, S. U. Egelhaaf, J. M.
Brader, T. Voigtmann, and M. Fuchs, Journal of Physics:
Condensed Matter 20, 404210 (2008).
[52] W. Go¨etze, Complex Dynamics of Glass-Forming Liq-
uids: A Mode-Coupling Theory (Oxford University Press,
New York, 2009).
[53] P. M. Reis, R. A. Ingale, and M. D. Shattuck, Phys.
Rev. Lett. 98, 188301 (2007).
[54] M. Fuchs and A. Latz, Physica A: Statistical Mechanics
and its Applications 201, 1 (1993).
[55] A clear indication of the stress is a slight but statisti-
cally significant difference between ISF’s measured for
orthogonal wave vectors, see Fig. 3 in the Supplemental
Material [38].
[56] P. Chaudhuri and J. Horbach, Phys. Rev. E 88, 040301
6(2013).
[57] M. Ballauff, J. M. Brader, S. U. Egelhaaf, M. Fuchs,
J. Horbach, N. Koumakis, M. Kru¨ger, M. Laurati, K. J.
Mutch, G. Petekidis, M. Siebenbu¨rger, T. Voigtmann,
and J. Zausch, Phys. Rev. Lett. 110, 215701 (2013).
